with formation depth and inferred temperature, we argue for a rather early precipitation of the veins shortly after basement formation at each respective drill site.

18 O,  13 C) compositions of these veins were determined to constrain the timing of vein formation. A dominant control by seawater chemistry on calcite composition is evident for most vein samples with variable, contributions from the basaltic basement.
Slightly elevated precipitation temperatures (as inferred from oxygen isotope ratios),
indicative of hydrothermal vein formation, are only observed at Site U1350 in the central part of Shatsky Rise. The highest 87 Sr/ 86 Sr ratios (least basement influence) of vein samples at each drill site range from 0.70726 to 0.70755 and are believed to reflect the contemporaneous seawater composition during the time of calcite precipitation. In principle, age information can be deduced by correlating these ratios with the global seawater Sr isotope evolution. Since the Sr isotopic composition of seawater has fluctuated three times between the early and mid Cretaceous, no unambiguous precipitation ages can be constrained by this method and vein precipitation could have occurred at any time between 80 and 140 Ma. However, based on combined chemical and isotopic data and correlations of vein composition with formation depth and inferred temperature, we argue for a rather early precipitation of the veins shortly after basement formation at each respective drill site.
Introduction
The circulation of seawater through igneous oceanic crust and both the dissolution of elements by, and precipitation from these fluids within the basement rocks, comprise major aspects of global element budgets including the long-term carbonate cycle (e.g. Brady and Gislason 1997; Alt and Teagle, 1999; Coggon et al., 2010) . The isotopic and chemical signature of seawater, e.g. ratios of dissolved cations or Sr isotopic composition, varies over geological time and reflects global changes in the Earth environment. The systematic changes of 87 Sr/ 86 Sr, as recorded in marine carbonates, have long been used for constraining the ages of marine limestones and fossil carbonate shells (e.g. Peterman et al., 1970 , Burke et al., 1982 .
Carbonate minerals that were precipitated from fluids that circulate through cracks and cavities and form calcium carbonate veins in the igneous upper oceanic crust are seldom considered in this regard since they form in direct interaction with the basement rocks and can contain a significant lithospheric (often hydrothermal) contribution. Recently, however, it was shown that important seawater parameters (Sr isotopic composition, Mg/Ca, Sr/Ca ratios) are reliably recorded in calcium carbonate veins, if precipitated at near ambient seawater temperature (Coggon et al., 2004; Coggon et al., 2010 , Rausch et al., 2013 or can be reconstructed if the precipitation temperature is known (Coggon and Teagle, 2011) . In this paper we report Mg/Ca and seawater Sr-isotope stratigraphy will be used to discuss possible vein precipitation ages, which in turn can be compared with measured or assumed basement formation ages. In addition, the data provide insights into fluid circulation and alteration history of one of the oldest in-situ oceanic plateaus on Earth.
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Regional geology and previous work
Shatsky Rise is a Large Igneous Province located in the NW Pacific ca. 1500 km east of Japan ( Fig. 1 ) and is the third-largest oceanic plateau (after Ontong Java and Kerguelen) in the present oceans. Based on paleomagnetic reversals combined with bathymetric data, the plateau's three main volcanic edifices Tamu, Ori and Shirshov massifs are proposed to have successively formed by massive volcanism along a southwest-northeast moving, rapidly spreading triple junction .
The enormous size of the plateau (~4.8×10 5 km 2 comprising ~4.3×10 6 km 3 basalt, Sager et al., 1999) and the apparent decrease in effusive activity with time, however, would be also consistent with a formation by a (starting) mantle plume head (e.g. Sager, 2005) . The proposed NW-directed age progression across Shatsky Rise is solely based on the interpretation of magnetic reversals since only a single radiometric age determination of basement rock from the southern flank of Tamu Massif was published so far (144.6±0.8 Ma, Mahoney et al., 2005) . During IODP Expedition 324, (Geldmacher et al., in press ) and an age of 134.1(1.0) Ma for a lava recovered at U1350 from the upper flank of Ori (Heaton and Koppers, 2014) . Ages inferred from the respective youngest magnetic seafloor anomalies imply similar or slightly older ages for these sites (M19=144 and M14=136
Ma, respectively, Nakanishi et al. 1999 ).
The drilled igneous units comprise pillow lavas (0.2-1.0 m diameter), pillow-like inflation units (0.8-2.0 m thick), small massive flow units (2-4 m) and large massive flow units (5-23 m) (Sager et al., 2010) . All basement rocks have tholeiitic composition, similar to mid ocean ridge basalts (MORB) with plagioclase and clinopyroxene being the main crystal phases. The rocks have undergone varying degrees of fluid-rock alteration with predominant changes resulting from interaction of basalt with seawater-derived fluids under anoxic-suboxic conditions at low temperature and low water-rock ratios. Certain primary phases (olivine, glassy mesostasis) are commonly replaced by clay minerals i.e. smectite and sapponite (Sager et al., 2010) . Generally, the lavas show more extensive alteration at volcano summit sites (U1346, U1349) compared to flank sites (U1347, U1350), indicating that
summit structures (and sustained heat at the volcano center) promoted fluid flow. Site U1346 lavas from Shirshov Massif are particular altered with most primary phases being replaced by secondary minerals. Regular veins (extensional fractures filled with secondary minerals) are common at all sites but particularly in lavas with fine-grained groundmass and low vesicularity. Most veins are 0.1 to 3 mm thick (maximum width can reach 10 mm) and are generally filled with calcite, although the fill can vary from oxyhydroxide/phyllosilicate material at the edges to calcite in the vein center (Sager et al., 2010) . Calcite-rich veins commonly show polycrystalline fabrics and often syntaxial or cross-fiber texture. Veins filled with pyrite are also observed (particular at Site U1350) but pyrite-filled veins are generally much thinner (0.1-1mm). Vein density ranges from 3 veins/m downhole (U1346, U1347) to 6.1 and 6.6 veins/m (U1350 and U1349). Veins are particular abundant at the Ori Sites (U1349, U1350), possibly indicating that Ori Massif experienced stronger contractional stress than the two other massifs (Sager et al., 2010) . These numbers are comparable to other oceanic crust segments of Jurassic age (e.g., 170 Ma MORB at Site 801 off the Mariana Trench= 6.1 veins/m, Rausch et al., in prep.) but less than the reported 18-30 veins/m for the Cretaceous Ontong Java Plateau (Banerjee and Honnorez, 2004) .
Sampling, sample preparation and analytical methods
Representative veins from all Exp. 324 sites (that reached the volcanic basement)
were selected based on visual core description and microscopic thin section observation. The selected veins cover a variety of depth intervals within the basement M A N U S C R I P T et al., 2002) and with slight deviation for JLs-1 (0.707850, Terashiwa et al., 1990 ). At IGGCAS, approximately 100 mg of carbonate material was dissolved on a hotplate at 80°C using 2.0 mL of 0.2 M HCl for 2 hours. After centrifugation, the supernatant was picked up and dried on a hotplate. The samples were re-dissolved with 1.0 mL of 2.5 M HCl. Then, the sample solution was loaded onto the pre-conditioned column with 2 mL of AG50W×12 (200-400 mesh) and Sr was separated from the sample matrix following the procedure outlined in Li et al. (2012) and Yang et al. (2010) . The whole procedure blank was lower than 300 pg for Sr. The (Li et al., 2012 , Yang et al., 2010 and well within error of the NBS987 measurements at GEOMAR. As shown in 
Results
Elemental composition
All C isotope data are reported relative to PDB by using the delta notation ( 18 O,  13 C) and are presented in Table 1 
Discussion
Controls on vein composition
The (Zhang and Nozaki, 1996) . Calcites precipitating from fluids influenced by extensive seawater-basalt exchange are therefore often characterized by the absence of negative Ce and absence of positive Y anomalies (e.g., Rausch et al., submitted) . In this regard, the investigated vein samples display indicators for both seawater derivation (Ce/Ce*<1) and interaction with the basaltic host rock (relative Eu enrichment, chondritic Y/Ho), suggesting that the fluids from which the calcite was precipitated were formed by variable degrees of seawater-basalt interaction and with variable involvement of individual elements even in the same vein sample. Considering the radiogenic isotope systems Nd and Sr, a quantitative approach was applied: As shown by the simple, binary mixing model in Fig. 4d , the igneous basement contribution is 1% for the less influenced veins from Sites U1349
and U1346, and only slightly higher for most other investigated veins. Instead a
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14 dominant control of seawater Sr (>98%) on the vein composition is indicated.
Although a simple mixing model is not fully appropriate to describe the extent of exchange between differently fluid-mobile elements/isotopes, it does provide minimum estimates.
5. Sr isotopic composition of seawater has varied over geological time (e.g. Peterman et al., 1970; Hart and Staudigel, 1978; Veizer et al., 1999; McArthur et al., 2001) , the Sr isotopic ratio of the veins can potentially determine the time of carbonate precipation.
However, any contribution of Sr leached from the basaltic basement will lower the Sr isotopic composition of the vein calcite since oceanic basalts have a much less radiogenic 87 Sr/ 86 Sr ratio (Fig. 4d ). As shown in Fig. 4a , calcite veins that precipitated deeper in the basement yield systematically lower 87 Additional complexity for constraining the formation age of the veins by correlating their Sr isotope ratios with the seawater evolution curve arises from the fact that the 87 Sr/ 86 Sr composition of seawater has fluctuated three times between the Early and Mid Cretaceous (Fig. 5) . If the most radiogenic (highest) 87 are available yet, but a minimum (youngest) age of 128 Ma is inferred from calcereous nannofossil assamblages within the sediment pile immediately overlying the volcanic basement (Sager et al., 2010 
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19 is generally confirmed by the Cretaceous Shatsky vein data (Fig. 2 (Grossmann, 2012) at the assumed ages of 143, 134 and 128 Ma for the respective edifices (Fig. 6a) water depths (Sager et al., 2010) .
Veins that possess higher  18 O values than Early Cretaceous seawater (indicating that they were formed at 1° to 5° C lower temperatures) also show slightly lower 87 Sr/ 86 Sr ratios (two samples from U1347 and one sample from U1346 and U1349 respectively). There seems to be a relationship of higher  18 O values (slightly colder) and lower 87 Sr/ 86 Sr ratios with increasing sample depth (below the basement top) at all sites except U1350 (Fig. 6b) . This relationship is consistent with vein formation (Price, 1999) and proposed formation of cold deep water at higher latitudes that migrated to lower latitudes at the bottom of the ocean similar as it happens today (e.g., Wagreich, 2009 and 128 Ma (Fig. 6a) , these veins cannot be formed much later than their enclosing igneous rocks (probably within a few million years, see Sr/ 86 Sr ratios with increasing precipitation temperature peaking at 25-30°C as seen in Fig. 6 a) . Since hydrothermal activity is inherently linked to magmatic heat sources, these U1350 vein carbonates testify for an early precipitation age shortly after basement formation when it was still relatively warm. Although similar high temperatures could be reached at later times by conductive reheating after the basement is sealed from circulating ocean water by insulating sediments, the narrow trend of the U1350 veins in Fig. 6a projecting back to Early Cretaceous (130-135
Ma) seawater Sr isotope composition (and also early Cretaceous seawater O isotope ratios), strongly supports an Early Cretaceous age.
Carbon isotope composition: does the vein composition record the first Oceanic
Anoxic Event?
Although the stratigraphic record of 13 C/ 12 C is influenced by a number of factors linked directly to biological processes and the global carbon cycle (see Saltzman and Thomas, 2012 for overview), the  13 C values of marine carbonates remained relatively constant over the Phanerozoic with values close to zero (relative to PDB).
Occasionally occurring excursions of the marine  13 C values to higher or lower levels are therefore of great palaeoceanographic interest and can be also used for Weissert Event, which is linked to the first global Oceanic Anoxic Event (e.g., Weissert et al., 1998; Weissert and Erba, 2004) . Taken together, the C isotope values of the Shatsky vein calcite cannot unambiguously constrain the age of calcite precipitation but are consistent with an Early Cretaceous formation and with the proposed age relationship of the drill sites.
Conclusions
Based on their elemental and isotopic composition, a dominant control of seawater chemistry on calcite composition is evident for the Shatsky Rise vein samples.
Assuming that the highest (seawater-like) 87 Sr/ 86 Sr ratios at each drill site reflect contemporaneous seawater composition, vein precipitation between 80 and 140 Ma is possible according to the Sr isotope seawater evolution curve (Fig. 5) . This would
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24 indicate a total crack-sealing duration over more than 60 myr. Even precipitation at much younger times (younger than 70 Ma), when seawater 87 Sr/ 86 Sr was considerably higher, is theoretically possible but would require unrealistically strong bulk contributions (>3 to 10%) from basaltic, low Sr isotopic sources to keep the vein 87 Sr/ 86 Sr values in the observed range. The following lines of evidence, however, point to rather early carbonate precipitation for the majority of the investigated veins, shortly after basement formation:
1) The apparent increase of the highest 87 Sr/ 86 Sr ratios in vein calcite from each drill site mimics the increase of the global seawater 87 Sr/ 86 Sr signature in the early Cretaceous ( Fig. 5 ) and is consistent with the proposed formation age relationship of the respective Shatsky Rise edifices.
2) The trends of increasing 87 Sr/ 86 Sr ratios with decreasing precipitation depth within basement observed in veins from all sites except U1350 (Fig. 4a ) and with decreasing precipitation temperatures (Fig. 6a ) extrapolate back to Early Cretaceous seawater 87 Sr/ 86 Sr and  18 O ratios at the top of the basement.
3) The trend of decreasing 87 Sr/ 86 Sr ratios with increasing precipitation temperatures for Site U1350 veins (Fig. 6a) clearly indicates a hydrothermal contribution to vein precipitation within a still warm basement. For comparison: cooling models for normal oceanic crust predict a duration of 10 myr for the main phase of cooling (Wei and Sandwell, 2006) . Taken together, we conclude that the investigated calcite veins most likely precipitated shortly or within a few millions years after the formation of the Shatsky Rise volcanic edifices. Such interpretation is consistent with previous suggestions that secondary carbonate formation largely occurs within ≤10 Myr (Staudigel et al., 1981; Coggon and Teagle, 2011) or <20 Myr (Gillis and Coogan, 2011 ) after oceanic crust formation.
As shown in several recent studies (Coggon et al., 2010; Rausch et al., 2013; Rausch et al., in prep.) , the elemental and isotopic composition of calcite veins can be used to reconstruct past seawater compositions, providing that the veins have formed at ambient seawater temperatures or if the geochemical evolution of the fluid can be reconstructed (Coggon et al., 2010; Coggon and Teagle, 2011) . For Shatsky, these conditions are best achieved at the Ori edifice summit (all veins from Site U1349) and, with some limitations, for Shirshow (some veins from Site U1346) and for at least one vein sample from Tamu (U1347A, 16R-5, 119-123 cm) . The comprehensive Mg/Ca, Sr/Ca, trace element and isotopic composition reported for these samples can therefore be used for further palaeoceanographic studies at times shortly before, M A N U S C R I P T
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26 during and after the first global oceanic anoxic event in the upper Valanginian (Weissert et al., 1998) . On the other hand, the data also illustrate a complex formation Bathymetry after Sager et al. (2010) and magnetic anomalies after Nakanishi et al. (1999) . Preliminary ages for Tamu and Ori Massifs from Geldmacher et al. (in press) and Heaton and Koppers (2014) respectively. Only contours above 5 km depth are shown for clarity (contour lines at 500 m intervals). (PAAS, Taylor and McLennan, 1985) . Calcite sample U1349A 11R-5, which shows distinct negative Ce anomalie is indicated. Fig. 4 : 87 (Coogan, 2009) . The strongly rectangular shape of the mixing curve reflects the low concentrations of Nd in seawater, being several orders of magnitude less than Sr (Frank, 2002) . Applied conversion between V-PDB and V-SMOW according to Coplen et al. (1983) .
Since the precipitation rate of abiogenic carbonate is relatively low (Rausch et al., in prep.) , it can be assumed that the pore fluids have approached isotopic equilibrium and therefore the slightly colder temperatures inferred from equilibrium precipitation appear more appropriate. 
